Riboswitches are RNA sensors that regulate gene expression upon binding specific metabolites or ions. Bacterial riboswitches control gene expression primarily by promoting intrinsic transcription termination or by inhibiting translation initiation. We now report a third general mechanism of riboswitch action: governing the ability of the RNA-dependent helicase Rho to terminate transcription. We establish that Rho promotes transcription termination in the Mg 2+ -sensing mgtA riboswitch from Salmonella enterica serovar Typhimurium and the flavin mononucleotide-sensing ribB riboswitch from Escherichia coli when the corresponding riboswitch ligands are present. The Rho-specific inhibitor bicyclomycin enabled transcription of the coding regions at these two loci in bacteria experiencing repressing concentrations of the riboswitch ligands in vivo. A mutation in the mgtA leader that favors the "high Mg 2+ " conformation of the riboswitch promoted Rho-dependent transcription termination in vivo and in vitro and enhanced the ability of the RNA to stimulate Rho's ATPase activity in vitro. These effects were overcome by mutations in a C-rich region of the mRNA that is alternately folded at high and low Mg 2+ , suggesting a role for this region in regulating the activity of Rho. Our results reveal a potentially widespread mode of gene regulation whereby riboswitches dictate whether a protein effector can interact with the transcription machinery to prematurely terminate transcription.
Riboswitches are RNA sensors that regulate gene expression upon binding specific metabolites or ions. Bacterial riboswitches control gene expression primarily by promoting intrinsic transcription termination or by inhibiting translation initiation. We now report a third general mechanism of riboswitch action: governing the ability of the RNA-dependent helicase Rho to terminate transcription. We establish that Rho promotes transcription termination in the Mg 2+ -sensing mgtA riboswitch from Salmonella enterica serovar Typhimurium and the flavin mononucleotide-sensing ribB riboswitch from Escherichia coli when the corresponding riboswitch ligands are present. The Rho-specific inhibitor bicyclomycin enabled transcription of the coding regions at these two loci in bacteria experiencing repressing concentrations of the riboswitch ligands in vivo. A mutation in the mgtA leader that favors the "high Mg 2+ " conformation of the riboswitch promoted Rho-dependent transcription termination in vivo and in vitro and enhanced the ability of the RNA to stimulate Rho's ATPase activity in vitro. These effects were overcome by mutations in a C-rich region of the mRNA that is alternately folded at high and low Mg 2+ , suggesting a role for this region in regulating the activity of Rho. Our results reveal a potentially widespread mode of gene regulation whereby riboswitches dictate whether a protein effector can interact with the transcription machinery to prematurely terminate transcription.
T he 5′ leader regions of many bacterial messenger RNAs contain regulatory elements-termed riboswitches-that change expression of the associated protein-coding regions upon binding specific metabolites or ions (1, 2) . Ligand binding promotes the formation of RNA structures that typically turn off gene expression by creating an intrinsic transcription terminator, or by occluding the ribosome binding site and/or start codon to inhibit translation initiation (1, 2) . However, an increasing number of riboswitches lack these gene control elements, suggesting that they use alternative mechanisms to regulate gene expression (3) . Here we identify riboswitches that function by controlling the activity of the transcription termination factor Rho.
The Mg 2+ -sensing mgtA riboswitch from Salmonella enterica serovar Typhimurium regulates transcription elongation into the mgtA coding region by adopting two mutually exclusive conformations in response to cytoplasmic Mg 2+ levels (4). Stem-loops A and B are favored in high Mg 2+ , which hinders transcription elongation into the mgtA coding region, whereas stem-loop C forms in low Mg 2+ , which brings about transcription of the coding region of the Mg 2+ transporter gene mgtA (4) (Fig. 1A) . However, the mechanism by which this riboswitch operates has remained unknown because the mgtA leader mRNA sequence lacks the GCrich hairpin followed by a series of U residues that is typical of intrinsic transcription terminators (5) .
Recent genomic analyses have revealed that bacteria harbor small RNA (sRNA) species corresponding to the 5′ leader regions of transcripts containing known or predicted riboswitch ligand-binding domains but lacking intrinsic transcription terminators (6) (7) (8) . For instance, the sRNA sroG originates from within the leader region of the Escherichia coli ribB gene, which includes a predicted flavin mononucleotide (FMN)-binding riboswitch (rfn-box) but lacks sequences resembling a canonical intrinsic terminator (9, 10) . This raises questions about the origin and function of these sequences.
In contrast to intrinsic terminators, which can dissociate transcription complexes in the absence of accessory proteins, the second major class of bacterial transcription terminators is recognized only in the presence of Rho, a homohexameric RNA helicase responsible for termination of 20-50% of the transcription units in E. coli (5, (11) (12) (13) . Rho-dependent termination requires Rho binding to untranslated regions of the nascent transcript at sites that are generally rich in C residues and relatively unstructured (5, 13) . This stimulates Rho's RNA-dependent ATPase activity, resulting in Rho translocation along the nascent RNA in the 5′ to 3′ direction until Rho makes interactions with RNA polymerase (RNAP) that promote dissociation of the transcription elongation complex, which typically takes place at sites of RNAP pausing (5, 13) .
We now report that both the mgtA and ribB riboswitches govern transcription elongation into their respective downstream coding regions by controlling the ability of Rho to terminate transcription. This represents a distinct mode of gene regulation, which may be widespread given that other riboswitches are found in leader regions where transcription can terminate before the corresponding coding region but which lack obvious intrinsic terminators (6) (7) (8) .
Results and Discussion
Rho-Dependent Terminator in the Salmonella mgtA Leader Inhibits Transcription into the mgtA Coding Region at High Mg
2+
. Because the Salmonella mgtA leader region does not contain sequences typical of an intrinsic transcription terminator (Fig. 1A ) (4), we hypothesized that transcription termination in this leader might require Rho. To test this hypothesis, we monitored the effect of the Rho-specific inhibitor bicyclomycin (BCM) (14) on the β-galactosidase activity produced by wild-type Salmonella harboring a plasmid-borne transcriptional fusion between the mgtA leader and a promoterless E. coli lacZ gene driven by the Mg 2+ -insensitive p lac1-6 promoter (4). [We chose a BCM concentration of 20 μg/mL so as to limit effects on bacterial growth. However, the chosen concentration may allow some limited Rho-dependent transcription termination to take place because total inhibition of Rho is lethal (11, 13) .] BCM overcame the transcriptional silencing taking place during growth in high Mg 2+ (i.e., BCM promoted a 10-fold increase in the β-galactosidase activity relative to cells grown in the absence of this inhibitor) (Fig. 1B) . BCM had a much smaller effect on the β-galactosidase activity of bacteria grown in low Mg 2+ (i.e., twofold; Fig. 1B ), possibly reflecting that the leader in most mgtA transcripts would be in the "low Mg
" conformation that favors transcription elongation into the coding region (4) , and that Rho is expected to act on the transcript subpopulation that is in the "high Mg
" conformation. Rho exerts its regulatory effects via the mgtA leader because BCM did not alter the β-galactosidase activity in bacteria carrying a control plasmid harboring the p lac1-6 -driven lacZ without the mgtA leader (Fig. 1B, Inset) .
We could rule out that the observed derepression was an artifact arising from transcription initiated from a heterologous promoter or the use of a plasmid-encoded mgtA-lacZ fusion because BCM heightened β-galactosidase levels in a strain with a chromosomal mgtA-lac fusion transcribed from the native mgtA promoter, but not in one with a chromosomal mgtA-lac fusion not preceded by the mgtA leader (Fig. 1C) . In both strains, transcription initiation from the mgtA promoter is controlled by the transcription factor PhoP in response to extracytoplasmic Mg 2+ sensed by the PhoQ sensor kinase (15) . Hence, transcription fails to initiate efficiently at 10 mM MgCl 2 because the PhoP/PhoQ system is inactive. When bacteria are grown in 0.5 mM MgCl 2 , transcription initiates at the mgtA promoter but does not continue into the downstream coding sequence when the mgtA leader is present because it adopts the high Mg 2+ conformation that results in transcription stopping within the leader (4). During growth in 0.01 mM MgCl 2 , the mgtA leader adopts the low Mg 2+ conformation that permits transcription elongation into the coding region (4) .
To directly monitor transcription termination in the mgtA leader, we carried out single-round in vitro transcription assays . The location of the C145G mutation is shown in red, and mutated nucleotides in the R1 and R2 regions are shown in blue and green, respectively. The approximate location of the Rho-dependent termination site (and the transcriptional pause that occurs in the absence of Rho) is circled in orange. The location of the start and stop codons of the short ORF mgtL are boxed. (B) β-Galactosidase activity expressed by wild-type Salmonella harboring a plasmid with a p lac1-6 -driven transcriptional fusion of the wild-type mgtA leader to a promoterless E. coli lacZ gene (pYS1010), or derivatives of pYS1010 with either the C145G mutation alone (pYS1010-C145G), the C145G mutation in combination with mutations in the R1 (pYS10112) or R2 (pYS10114) regions, or the R1 mutations alone (pYS10116). Inset: Data for cells containing the control plasmid pYS1000, which harbors the p lac1-6 -driven lacZ without the mgtA leader. Bacteria were grown in N-minimal medium with 10 μM (L) or 10 mM (H) MgCl 2 in the absence or presence of BCM. (C) β-Galactosidase activity expressed by isogenic Salmonella strains carrying a chromosomal lac transcriptional fusion at position 2190 (EG9170) or position 6 (EG9220) with respect to the PhoP-dependent mgtA transcription start site. Bacteria were grown in N-minimal medium containing the indicated concentration of MgCl 2 in the absence or presence of BCM. using purified RNAP. Without Rho, RNAP was unable to terminate transcription within the mgtA leader and instead entered an unusually long-lived paused state ( Fig. 2A) . Pausing results in initial accumulation of a truncated transcript that subsequently disappears as RNAP escapes the pause and elongates the RNA to produce a run-off transcript ( Fig. 2A, Lower) . Our data suggest that the previously reported truncated RNA generated during in vitro transcription of the mgtA leader (4, 16) results from an extended pause rather than termination of transcription.
Addition of purified Rho protein to the in vitro transcription reactions stimulated termination at the same site as that corresponding to the transcriptional pause in the mgtA leader ( Fig.  2A) . In contrast to pausing, transcription termination generates a truncated transcript that remains for the duration of the reaction because it can no longer be elongated after dissociation from RNAP ( Fig. 2A, Lower) . The observed band corresponds to a true termination product because a high-salt wash removed it from transcription complexes immobilized on Ni-NTA beads (Fig. S1 ).
High Mg 2+ enhanced Rho-dependent termination in the mgtA leader in vitro because termination was more efficient at 3.5 mM than at 0.35 mM Mg 2+ ( Fig. 2 B and C) . The stimulation of Rhodependent termination by high Mg 2+ is specific to the mgtA leader because high Mg 2+ did not enhance termination (and actually decreased it) at the well-characterized Rho-dependent terminator λtR1 (Fig. S2A) , which was used as a negative control because it does not respond to changes in the Mg 2+ concentration in vivo (Fig. S2B ). Although the in vitro effect of Mg 2+ on the mgtA leader is modest (Fig. 2 B and C) , it is of similar magnitude to the Mg 2+ -stimulated increase in intrinsic transcription termination reported for the unrelated Bacillus subtilis mgtE leader, which harbors the only other known Mg 2+ sensing riboswitch (17) . For the mgtA leader, we observed readthrough values of 55-60% at 3.5 mM Mg 2+ and 70-80% at 0.35 mM Mg 2+ in the presence of Rho (Fig. 2 B and C) . These are comparable to the readthrough values reported for the mgtE leader (17) , which were ≈63% at 3 mM Mg 2+ and ≈75% at 1.5 mM Mg 2+ (the lowest Mg 2+ concentration used in that study). [Note that the range over which the Mg 2+ concentration can be varied in vitro is limited because the overall efficiency of transcription initiation and elongation is sensitive to Mg 2+ . This may explain, in part, why the effect of Mg 2+ in vitro is smaller than that observed in vivo for both the mgtA (Figs. 1B and 2B) and mgtE (17) riboswitches.] Taken together, our data establish that the mgtA leader contains a Rho-dependent terminator that prevents transcription elongation into the mgtA coding region during growth in high Mg 2+ .
High Mg 2+ Promotes a Conformation of the mgtA Leader That Favors
Interaction with Rho. To terminate transcription, Rho must first associate with the nascent transcript (5, 13). Thus, the RNA structure promoted in high Mg 2+ may stimulate Rho-dependent termination by facilitating interaction of Rho with the mgtA leader RNA. To test this hypothesis, we took a genetic approach that made use of a mutant mgtA leader that mimics the high Mg 2+ conformer. This mutant contains the C145G substitution that creates a mismatch in stem-loop C-a structure that forms at low Mg 2+ and is required for transcription elongation into the coding region (4)-but does not interfere with formation of stemloops A and B (Fig. 1A) .
The C145G mutation results in constitutive Rho-dependent termination in vivo (Fig. 1B) and enhances Rho-dependent termination in vitro (Fig. 2C ). To test whether the C145G mutation directly affects the ability of the RNA to interact with Rho, we monitored Rho's ATPase activity after incubation of wild-type and C145G mutant mgtA leader RNAs with purified Rho protein in vitro. Rho's ATPase activity was promoted to higher levels by the C145G RNA than by the wild-type mgtA leader RNA (Fig.  2D) , suggesting that the high Mg 2+ conformer interacts more efficiently with Rho. The ATPase activity increased as the RNA concentration increased in reactions carried out with the C145G mutant RNA; however, a small decrease in ATPase stimulation was observed at the three highest RNA concentrations in assays performed with the wild-type mgtA leader RNA (Fig. 2D ). This could reflect that when the concentration of the wild-type mgtA leader RNA is increased, there is less Mg 2+ available to bind each RNA molecule, and this would result in a rise in the proportion of RNAs adopting the low Mg 2+ conformation, which is less able to stimulate Rho's ATPase activity. By contrast, the C145G mutant RNA would not be sensitive to this decrease in Mg 2+ availability because it is genetically locked into the high Mg 2+ conformation. Taken together, our data suggest that high Mg 2+ stimulates Rhodependent termination in the mgtA leader by promoting a conformation in the leader mRNA that favors interaction with Rho.
Riboswitch Sequences Required for Rho-Dependent Termination in the mgtA Leader. We sought to identify sequences within the mgtA leader RNA that are required for Rho-dependent transcription termination. Rho's RNA substrates are usually rich in C residues and relatively unstructured (5, 13) . Thus, we targeted the C residues in the R1 and R2 regions flanking stem-loop B for mutagenesis because these regions are present within predicted stem-loop structures in the low Mg 2+ conformer but are exposed in singlestranded regions in high Mg 2+ (4) (Fig. 1A) and thus are available to interact with Rho; and also because the sequences downstream of +126 (the start of R1) are sufficient to promote Rho-dependent termination in vivo (Fig. S3A ) and in vitro (Fig. S3B) .
If the nucleotides in the R1 and R2 regions of the mgtA leader are essential for stimulation of Rho activity, mutations in R1 or R2 should overcome the silencing effect of the C145G substitution. As predicted, mutation of the R1 region enhanced expression 30-and 39-fold with respect to the parental C145G mutant after growth in low and high Mg 2+ , respectively (Fig.  1B) ; the effect of the R2 mutation was less pronounced (Fig. 1B) . The R1 and R2 mutations interfere specifically with Rho-dependent transcription termination because their effects on expression relative to C145G were much smaller in cells that were treated with BCM (Fig. 1B) . Importantly, mutation of the R1 region reduced the efficiency of transcription termination by Rho in vitro (Fig. 2C ) but had no effect in the absence of Rho (Fig. 2C and Fig. S4 ), indicating that mutation of R1 affects termination but not pausing by RNAP. The R1 mutation hinders Rho-dependent termination by preventing the mgtA leader RNA from establishing a productive interaction with Rho because it decreased the ability of the C145G RNA to stimulate Rho's ATPase activity 2.5-to threefold in vitro, to values that were even lower than those promoted by the wild-type mgtA leader RNA (Fig. 2D) . The effect of the R1 mutation is not specific to a leader that is genetically "locked" into the high Mg 2+ conformation because mutation of the R1 region in an otherwise wildtype mgtA leader overcame the repressive effect of growth in high Mg 2+ on transcription through the leader in vivo (Fig. 1B) , inhibited Rho-dependent termination in vitro (Fig. 2C) , and reduced the ability of the mgtA leader RNA to stimulate Rho's ATPase activity in vitro (Fig. 2D) .
How the mgtA Riboswitch Controls Rho-Dependent Termination. Our data support a model in which high Mg 2+ favors an RNA conformation that permits Rho to interact with R1 and possibly neighboring single-stranded regions. This would stimulate ATP hydrolysis and Rho translocation along the nascent transcript, allowing Rho to interact with paused RNAP to terminate transcription before the mgtA coding region. By contrast, under low Mg 2+ conditions, Rho does not seem to make the contacts that activate its ATPase activity because these interactions require the R1 region, which is sequestered into a stem-loop structure in the low Mg 2+ conformer (Fig. 1A) . Hence RNAP escapes from the downstream pause site before Rho can terminate transcription.
The mgtA leader harbors a short, proline-rich ORF-termed mgtL-the translation of which hinders transcription elongation into the mgtA coding region (Fig. 1A) (16, 18) . When proline levels are limiting in the cytosol, ribosome stalling at the proline codons in mgtL favors transcription elongation into the mgtA coding region (18) . This would inhibit Rho-dependent termination by the same mechanism as that taking place when cytosolic Mg 2+ is low because ribosome stalling is predicted to favor formation of stemloop C, thus sequestering the R1 region and preventing it from interacting with Rho. By contrast, complete translation of mgtL would promote Rho-dependent transcription termination by the same mechanism as that taking place when cytosolic Mg 2+ is high because a ribosome translating the full mgtL ORF would occlude the left arm of stem-loop C, thereby favoring formation of stemloop B and freeing the R1 region for interaction with Rho. Consistent with this idea, mutation of the R1 region in an otherwise wild-type mgtA leader resulted in derepression under noninducing Mg 2+ conditions and in the presence of casamino acids (Fig. 1B ) (i.e., conditions whereby mgtL would be fully translated because proline is plentiful).
Riboswitch in the E. coli ribB Leader Promotes Rho-Dependent
Termination in the Presence of FMN. We posited that the FMNsensing riboswitch located in the E. coli ribB leader might also function by controlling Rho-dependent termination because this leader encodes a known sRNA but lacks an obvious intrinsic terminator (Fig. 3A) (9, 10) . As hypothesized, BCM overcame the fivefold repression that the FMN precursor riboflavin exerted on β-galactosidase activity in a strain harboring a transcriptional fusion between wild-type ribB and a promoterless lacZ gene, but had little effect in the absence of riboflavin (Fig. 3B) . Moreover, primer extension and quantitative real-time PCR data demonstrated that BCM treatment enhanced RNA levels corresponding to the ribB coding region eightfold (Fig. S5 A and B) . [BCM treatment resulted in a smaller (i.e., 3.5-fold) increase in the level of the leader region of the ribB mRNA (Fig. S5B) , suggesting readthrough from an upstream promoter.] FMN stimulates Rhodependent termination directly, because addition of FMN to in vitro transcription reactions enhanced Rho's ability to terminate transcription in the wild-type ribB leader but had no effect in the absence of Rho (Fig. 3C and Fig. S6 ). Taken together, these data establish that the ribB leader contains a Rho-dependent terminator that inhibits transcription elongation into the ribB coding region in the presence of FMN. Our findings now explain why the distribution of RNAP shifted from the ribB leader into the ribB coding region when E. coli was treated with BCM (12) .
To investigate whether alternate folding of the ribB riboswitch in response to the availability of FMN controls the ability of Rho to terminate transcription, we examined the effect of mutations that favor different riboswitch conformers on Rho-dependent termination in vivo and in vitro. Mutations in the M1 region, which are predicted to favor the "+FMN" conformation (Fig.  3A) , stimulated Rho-dependent termination in vitro even in the absence of FMN (Fig. 3C ) and reduced in vivo expression from a ribB-lacZ transcriptional fusion in the absence of riboflavin to the same level displayed by a strain with the wild-type leader when incubated in the presence of riboflavin (Fig. 3B) . Conversely, mutations in the M2 region, which are predicted to favor the "-FMN" conformation (Fig. 3A) , prevented FMN from stimulating Rho-dependent transcription termination in vitro (Fig. 3C) and hindered riboflavin-mediated repression in vivo (Fig. 3B) . These data indicate that FMN inhibits transcription elongation into the ribB coding region by promoting an RNA conformation that enhances Rho-dependent transcription termination.
Mechanisms of Gene Control by FMN-Sensing Riboswitches. It has been suggested that riboswitches primarily regulate transcription in Gram-positive bacteria but translation in Gram-negative organisms (9, 19) . Indeed, the FMN-sensing riboswitch from the Gram-positive bacterium Bacillus subtilis controls expression of riboflavin biosynthetic genes via early intrinsic termination of transcription (20, 21) , whereas FMN riboswitches in E. coli and other Gramnegative bacteria were postulated to work primarily via translational repression (9) . Even though Rho has been proposed to play an indirect role in gene control by riboswitches that affect translation of downstream genes [i.e., by prematurely terminating transcription of those mRNAs that are not translated (2, 12)], our results demonstrate that the E. coli ribB riboswitch operates in a distinct manner. Apart from regulating translation, the ribB riboswitch directly controls transcription termination within the leader region because FMN clearly stimulated Rho-dependent termination (Fig. 3 B and  C) in the absence of the translation machinery (Fig. 3C) . Moreover, in the presence of FMN, Rho-dependent termination takes place upstream of the ribB start codon (Fig. S6) .
Concluding Remarks. We have identified a general mode of riboswitch-mediated gene control that, in contrast to those described previously, relies not only on RNA but also on the essential RNA helicase Rho. We determined that two riboswitches originating from separate species and sensing different ligands act by directly modulating Rho's ability to terminate transcription, which, in turn, dramatically affects expression of the associated coding regions.
Rho is a general termination factor in bacteria that travels with RNAP throughout the transcription cycle, interrupting transcription of unprotected RNAs (22, 23) . Our data now suggest that, by monitoring the conformational state of the nascent RNA, Rho can function as the effector of riboswitch gene control. This expands the physiological functions ascribed to Rho, which include generation of transcript 3′ ends (24) , establishment of transcriptional polarity (25) , silencing of horizontally acquired DNA (11), resolution of R-loops (26), and chromosome protection from double- stranded DNA breaks (27, 28) . Given that pervasive Rho-dependent termination has been detected in bacterial genomes (11, 12) and that sRNA species can arise from the 5′ leader regions of transcripts lacking canonical intrinsic terminators (6-8), we propose that riboswitches yet to be associated with a particular control mechanism, as well as those classified by computational methods as regulating translation initiation when intrinsic transcription termination signals were not found (19) , may actually function by governing Rho-dependent transcription termination.
Materials and Methods
Bacterial Strains, Plasmid Constructs, Primers, and Growth Conditions. Bacterial strains and plasmids used in this study are listed in Table S1 . Details of plasmid constructions are described in SI Materials and Methods, and primers are listed in Table S2 . Salmonella strains were grown in N-minimal medium (pH 7.4) (29) supplemented with 0.1% casamino acids, 38 mM glycerol, and the indicated concentrations of MgCl 2 . Chloramphenicol (20 μg/mL) was added for growth of strains harboring derivatives of plasmid pYS1000. E. coli strains were grown in LB medium. Ampicillin (50 μg/mL) was used for growth of strains harboring derivatives of pJEL250.
β-Galactosidase Assays. To monitor expression of mgtA-lacZ fusions in Salmonella, bacteria were grown overnight in N-minimal medium containing 10 mM MgCl 2 , washed twice in medium lacking MgCl 2 , and used to inoculate fresh medium containing the indicated concentrations of MgCl 2 . After incubation for 4 h at 37°C, cultures were split in two, BCM was added to one tube at 20 μg/mL, and incubation was continued for 30 min before measurement of β-galactosidase activity as described (4) . To monitor expression of ribB-lacZ fusions in E. coli, bacteria were grown overnight at 30°C in LB medium containing 50 μM riboflavin, washed in medium lacking riboflavin, and diluted 1:25 in fresh medium containing riboflavin and/or BCM at the specified concentrations. Cultures were incubated for 2-2.5 h at 30°C (OD 600 = 0.5-0.6) before measurement of β-galactosidase activity. Shown β-galactosidase activities correspond to mean values from at least three independent experiments. Error bars correspond to the SD.
In Vitro Transcription Assays. For in vitro transcription of p lac1-6 -driven mgtA and λtR1 templates, 5 pmol His 6 -RNAP was incubated with 10 pmol of PCRgenerated template DNA in 35 μL transcription buffer (TB) containing 1 mM MgCl 2 for 10 min at 37°C, followed by addition of 50 μL Ni-NTA resin (Qiagen) and incubation for 15 min at 37°C. Beads were washed in TB (no MgCl 2 ) and resuspended in 80 μL TB, followed by addition of MgCl 2 (as indicated), 0.4 μM Rho, 48 μM GTP, CTP, and ATP, 15 μM UTP, 10 μg/mL rifampicin, and 10 μCi [α-32 P]-UTP and incubation at 37°C. Samples were removed at different times and analyzed by denaturing gel electrophoresis. For in vitro transcription of PCR-generated ribB templates, initial elongation complexes (EC) were obtained as previously described (22) Rho ATPase Assays. RNA corresponding to wild-type or mutant derivatives of the mgtA leader was synthesized with the Megascript T7 kit (Ambion) according to the manufacturer's instructions, using T7 promoter-driven templates generated by PCR with primers 6712 and 11882 and plasmid pYS1010 or derivatives thereof. RNAs were purified from 6% TBE urea gels and ethanol precipitated. Rho ATPase activity was determined with the EnzChek Phosphate Assay kit (Invitrogen) using a modification of a published protocol (30) in the presence of different RNA substrates. Briefly, RNAs were heated for 3 min at 95°C in the presence of 0.75 mM MgCl 2 and renatured for 1 h at room temperature. RNA (at the specified concentration) was then mixed in a 96-well plate with 5 nM Rho in a reaction mixture containing 0.2 mM 2-amino-6-mercapto-7-methylpurine riboside and 1 U/mL purine nucleoside phosphorylase in ATPase buffer [50 mM KCl, 0.75 mM MgCl2, 20 mM Hepes (pH 7.9), 0.1 mM EDTA, and 0.1 mM DTT]. After 10 min at room temperature, reactions were initiated by addition of 1 mM ATP and incubated at 37°C in a SpectraMax Plus microplate reader that allowed detection of inorganic phosphate release by measuring absorbance at 360 nm over time. ATPase activity was determined by calibration against a standard curve generated using incubations with different concentrations of inorganic phosphate, as described in the manufacturer's instructions. Data shown are averages from at least three independent experiments. Error bars show the SD.
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SI Materials and Methods
Construction of Plasmids. Derivatives of plasmid pYS1010, which contains the full-length wild-type mgtA leader cloned between the p lac1-6 promoter and a promoterless Escherichia coli lacZ gene, were constructed as follows. Plasmids pYS10112 and pYS10114, harboring nucleotide substitutions in the R1 and R2 regions of the Salmonella mgtA leader, respectively, were generated by sitedirected mutagenesis with the QuikChange II site-directed mutagenesis kit (Agilent) using pYS1010-C145G plasmid DNA as template and primer pairs 11460 and 11461 (pYS10112) or 11464 and 11465 (pYS10114). Plasmid pYS10116, harboring base substitutions in the R1 region in an otherwise wild-type mgtA leader, was generated by site-directed mutagenesis using pYS10112 plasmid DNA as template and primers 12331 and 12332 to restore a C at position 145. Plasmid pYS1013, harboring a G6A substitution in the mgtA leader, was generated by site-directed mutagenesis using pYS1010 plasmid DNA as template and primers 10620 and 10621. Plasmid pYS1050, harboring the sequence corresponding to nucleotides 126-264 of the Salmonella mgtA leader, was constructed by cloning a PCR product generated with primers 10563 and 5484 using chromosomal DNA from wild-type strain 14028s as template between the SalI and XhoI sites of the plasmid vector pYS1000 that had been digested with the same enzymes. Plasmid pYS1140, harboring the tR1 terminator from phage λ, was constructed by cloning a PCR product generated using primers 11469 and 11331 and λ DNA (New England Biolabs) as template between between the SalI and XhoI sites of plasmid pYS1000. E. coli strain DH5α was used as a host for preparation of plasmid DNA. Plasmid pMZ25, harboring a transcriptional fusion of the E. coli ribB promoter and leader region to a promoterless lacZ gene, was constructed by cloning a PCR fragment generated using primers o1 and o8 and chromosomal DNA from wild-type strain MG1655 as template between the EcoRI and BamHI sites of the low copy number vector pJEL250. This plasmid also contains a ribosome binding site (rbs) of the lacZ gene. Plasmids pMZ25-M1 and pMZ25-M2, harboring nucleotide substitutions in the M1 and M2 regions of the ribB leader, were generated by site-directed mutagenesis using primers o5 and o4 or o13 and o14, respectively.
In Vitro Transcription Assays. Linear DNA templates harboring the p lac1-6 promoter driving transcription of the wild-type mgtA leader (or mutant derivatives) were generated by PCR from plasmid pYS1010 (or derivatives that harbor the relevant mutations or deletions in the mgtA leader) using primers 5539 and 5511. The template harboring p lac1-6 driving transcription of λtR1 was generated by PCR from plasmid pYS1140 using primers 5539 and 11600.
For single-round transcription of p lac1-6 -driven mgtA and λtR1 templates, we adapted a previously described method using E. coli RNA polymerase (RNAP) that was immobilized on an Ni-NTA resin (Qiagen) via a His 6 tag at the C terminus of the β' subunit (1). Briefly, 5 pmol His 6 -RNAP was incubated with 10 pmol template DNA in 35 μL transcription buffer [TB: 100 mM KCl and 10 mM Tris·HCl (pH 7.9)] containing 1 mM MgCl 2 for 10 min at 37°C, followed by addition of 50 μL Ni-NTA beads (preequilibrated in TB containing 1 mM MgCl 2 ) and 15 min incubation at 37°C. Beads were washed three times in TB (no MgCl 2 ) and resuspended in 80 μL TB before addition of MgCl 2 to the indicated final concentration. Rho protein was added to 0.4 μM (monomer concentration), and transcription was initiated by addition of 48 μM GTP, CTP, and ATP, 15 μM UTP, 10 μg/mL rifampicin, and 10 μCi [α-32 P]-UTP (Perkin-Elmer). Reactions were incubated at 37°C, and samples were removed at the specified time points and mixed with an equal volume of stop solution (50 mM EDTA, 80% (vol/vol) deionized formamide, 0.1% bromophenol blue, and 0.1% xylene cyanol FF). After heating for 2 min at 95°C, transcripts were separated on denaturing 6% polyacrylamide sequencing gels (Ureagel; National Diagnostics) and detected by phosphorimaging. Data shown are representative results from at least three independent experiments.
For the transcript release assays shown in Fig. S1 , we used a template corresponding to the p lac1-6 -driven mgtA leader containing a G to A substitution at position 6 (that permits transcription to position +19 in the absence of GTP). His 6 -RNAP (5 pmol) was incubated with 10 pmol template DNA in 45 μL TB containing 1 mM MgCl 2 for 5 min at 37°C, followed by addition of 10 μM ApUpA primer and 25 μM UTP and ATP for 10 min at 37°C. [α-
32 P]-CTP (10 μCi) was added for 5 min before addition of 25 μL Ni-NTA resin, preequilibrated in TB containing 1 mM MgCl 2 . After incubation for 10 min at 37°C, beads were washed three times in TB (no MgCl 2 ) and resuspended in 40 μL TB before addition of MgCl 2 to the indicated final concentration. Rho protein (0.4 μM) was added as indicated, and transcription was initiated by addition of 48 μM each NTP and 10 μg/mL rifampicin. After 150-min incubation at 37°C, beads were washed twice with 1 mL TB containing 1 M NaCl to remove RNA that was no longer associated with the immobilized transcription elongation complexes. Reactions were stopped by addition of an equal volume of stop solution, and transcripts were analyzed by gel electrophoresis and phosphorimaging as described above.
Linear DNA templates harboring ribB promoter and leader sequences were generated by PCR from chromosomal DNA of wild-type strain MG1655 using primers oECD and oECR. Mutations in the ribB leader sequence were introduced by PCR using primers o5 and o4 (M1 mutant), or o13 and o14 (M2 mutant). DNA template [5 μL (5 pmol)] was mixed with 2 μL (14 pmol) of RNAP-bio and 0.2 μL (6 pmol) σ 70 in 20 μL of TB50 buffer [40 mM Tris·HCl (pH 8.0), 10 mM MgCl 2 , and 50 mM NaCl] and incubated for 5 min at 37°C. GpCpU RNA primer (10 μM), CTP, UTP, and ATP (25 μM each) were added, and incubation continued for another 10 min. The mixtures were transferred to ≈5 μL neutravidin beads and shaken for 5 min at room temperature. Samples were washed two times with 1 mL TB1000 [40 mM Tris·HCl (pH 8.0), 10 mM MgCl 2 , and 1 M NaCl] and then three times with 1 mL of TB100 [40 mM Tris·HCl (pH 8.0), 10 mM MgCl 2 , and 100mM NaCl]. [α-
32 P]-CTP (2 μL) and 5 mM GTP and ATP were added for 5 min at room temperature. Samples were washed four times with 1 mL of TB50Mg3 [40 mM Tris·HCl (pH 8.0), 3 mM MgCl 2 , and 50 mM NaCl]. RNase inhibitor (1 μL; Promega) was added to each reaction, then each sample was divided into four aliquots (10 μL), 0.1 mM flavin mononucleotide (FMN) and/or 0.4 μM Rho were added as indicated, and the mixtures were incubated for 5 min at room temperature. The samples were chased with 10 μM NTPs and 1 mM ATP for 10 min at 37°C and mixed with 10 μL stop buffer (1× TBE, 8 M Urea, 20 mM EDTA, 0.025% xylene cyanol, and 0.025% bromophenol blue). RNA was extracted with phenol-chloroform solution and then with chloroform. After ethanol precipitation, the pellet was dissolved in 10 μL stop buffer. Samples were resolved on 6% denaturing polyacrylamide gels and analyzed by phosphorimaging.
RNA sequencing was conducted as follows: 5 pmol of DNA were mixed in 20 μL TB50 [40 mM Tris·HCl (pH 8.0), 10 mM MgCl 2 , and 50 mM NaCl] with 5 pmol biotinilated RNAP and incubated for 5 min at 37°C. GpCpU RNA primer (10 μM) and 25 μM CTP, UTP, and ATP were added for another 5 min at 37°C. The reaction was mixed with ≈5 μL avidin beads (Pierce) and shaken for 5 min at room temperature. The sample was then washed four times with 1 mL of TB200 [40 mM Tris·HCl (pH 8.0), 10 mM MgCl 2 , and 200 mM NaCl]. [α-
32 P]-CTP (2 μL) and 5 μM GTP plus ATP were added for 5 min at room temperature. The sample was washed four times with 1 mL of TB50Mg3 [40 mM Tris·HCl (pH 8.0), 3 mM MgCl 2 , and 50 mM NaCl]. The sample was divided into 10-μL aliquots and chased by 25 μM RNA sequencing mixes for 10 min at 22°C, followed by adding 5 μL of SB (1× TBE, 8 M Urea, 20 mM EDTA, 0.025% xylenthianol, and 0.025% bromophenol blue). Each RNA sequencing mix contained a single 3′-drNTP at 1/10 to the corresponding rNTP. RNA was extracted by the phenol-chlorophorm method and redissolved in 5 μL water plus 5 μL SB.
RNA Extraction for Quantitative Real-Time PCR and Primer Extension.
Cells were disrupted in a buffer containing 50 mM Tris·HCl (pH 8.0), 8% (vol/vol) sucrose, 0.5% Triton X100, 10 mM EDTA, and 4 mg/mL lysozyme for 5 min on ice, then an equal volume of phenol solution saturated with 0.1 M sodium citrate (pH 4.5) and 10 mM EDTA was added. The samples were heated at 65°C for 15 min with brief mixing every 5 min and centrifuged 10 min at 16,000 × g. Aqueous phases were extracted once with phenol: chloroform:isoamyl alcohol (25:24:1) and once with chloroform. Nucleic acids were precipitated with ethanol, dissolved in water, and treated with TURBO DNase (Ambion) at 37°C for 15 min.
After ethanol precipitation, RNA was dissolved in water and analyzed.
Quantitative Real-Time PCR. cDNAs were generated from 50 ng of total RNA by reverse transcription using HIV reverse transcriptase (Ambion) and primers specific for either 16S RNA (primers o16S-for and o16S-rev), peptide deformylase (primers oDef11 and oDef4), the ribB leader (primers o20 and o65), or the lacZ coding region fused downstream of ribB (primers o80 and o246-4). PCR products corresponding to each primer pair were amplified from cDNA samples using the iQ SYBR Green supermix (Bio-Rad) containing hot-start polymerase. The reactions were performed in a 96-well reaction plate, and reporter fluorescence was measured using an iCycler iQ5 real-time PCR system (Bio-Rad). Transcript levels were quantified using the relative standard curve method and the Bio-Rad software. Data shown correspond to mean values from at least three independent experiments. Error bars correspond to the SD.
Primer Extension. Total RNA (15 μg) was mixed in water with 2 μL 50 μM radiolabeled primer o22 in a volume of 11 μL. Samples were heated at 90°C for 3 min and chilled on ice. Two microliters of 10× reverse transcription buffer [500 mM Tris·HCl (pH 8.3), 750 mM KCl, 30 mM MgCl 2 , and 50 mM DTT], 4 μL dNTPs (2.5 mM each), 1 μL RNase inhibitor (SUPERase*In; Ambion), 1 μL actinomycin D (5 μg/μL), and 1 μL of HIV reverse transcriptase (Ambion) were added, and reverse transcription was allowed at 42°C for 1 h. The reaction was stopped by addition of 10 μL stop solution [95% (vol/vol) formamide, 20 mM EDTA, 0.03% bromophenol blue, 0.03% xylene cyanol] and heated at 90°C for 3 min. Nucleic acids were resolved on 8% (wt/vol) denaturing polyacrylamide gels that were visualized by phosphorimaging. . Rho promotes transcription termination in the mgtA leader in vitro. In vitro transcription of a p lac1-6 -driven template corresponding to the Salmonella mgtA leader at 0.35 mM (L) or 3.5 mM (H) MgCl 2 in the absence or presence of Rho. One hundred fifty min after initiation of transcription, beads were washed in high-salt buffer to remove RNA that was no longer associated with the immobilized transcription elongation complexes. Transcripts were analyzed 150 min after initiation of transcription. Arrows indicate bands corresponding to the ≈288-nt readthrough transcript (λRT) from the λtR1 template, and the ≈264-nt readthrough transcript (RT) and ≈220-nt truncated transcript (T) from the mgtA leader. Two clusters of terminated products that arise from termination in the λtR1 template [λTIII (≈241-246 nt) and λTII (≈208-213 nt)] are indicated by brackets. Percentage readthrough was calculated by dividing the amount of radioactivity present in the readthrough band by the total radioactivity present in the sum of the terminated and readthrough bands. (B) β-Galactosidase activity expressed by wild-type Salmonella harboring plasmids containing p lac1-6 -driven transcriptional fusions of the wild-type mgtA leader (pYS1010) or the λtR1 terminator (pYS1140) to lacZ, or the plasmid vector (pYS1000), grown in N-minimal medium with 10 μM (L) or 10 mM (H) MgCl 2 in the absence or presence of bicyclomycin (BCM). S4 . Mutation of the R1 region of the mgtA leader has no effect on RNAP pausing in the absence of Rho. (A) In vitro transcription of p lac1-6 -driven templates corresponding to the wild-type Salmonella mgtA leader or derivatives containing the C145G and/or R1 mutations (Fig. 1A) Primer extension products were generated using HIV reverse transcriptase and primer o22. (B) ribB mRNA levels synthesized by E. coli strain AM4002 harboring plasmid pMZ25, grown in LB medium with 50 μM riboflavin in the absence or presence of 25 μg/mL BCM. RNA was amplified by quantitative real-time PCR using primers specific to the ribB leader (ribB-1) or the lacZ coding region cloned downstream of the ribB leader (ribB-2). Regions of 16S RNA and peptide deformylase (def) mRNA were amplified as controls. Relative transcript levels reflect the amount of RNA measured in cells grown in the presence of BCM relative to the amount of each RNA detected in cells grown without BCM (a value of 1 reflects the level of RNA measured in the absence of BCM). 
